Ribosomes are universal translators of the genetic code into protein and represent macromolecular structures that are asymmetric, often heterogeneous, and contain dynamic regions. These properties pose considerable challenges for modern-day structural biology. Despite these obstacles, high-resolution x-ray structures of the 30S and 50S subunits have revealed the RNA architecture and its interactions with proteins for ribosomes from Thermus thermophilus, Deinococcus radiodurans, and Haloarcula marismortui. Some regions, however, remain inaccessible to these highresolution approaches because of their high conformational dynamics and potential heterogeneity, specifically the so-called L7͞ L12 stalk complex. This region plays a vital role in protein synthesis by interacting with GTPase factors in translation. Here, we apply tandem MS, an approach widely applied to peptide sequencing for proteomic applications but not previously applied to MDa complexes. Isolation and activation of ions assigned to intact 30S and 50S subunits releases proteins S6 and L12, respectively. Importantly, this process reveals, exclusively while attached to ribosomes, a phosphorylation of L12, the protein located in multiple copies at the tip of the stalk complex. Moreover, through tandem MS we discovered a stoichiometry for the stalk protuberance on Thermus thermophilus and other thermophiles and contrast this assembly with the analogous one on ribosomes from mesophiles. Together with evidence for a potential interaction with the degradosome, these results show that important findings on ribosome structure, interactions, and modifications can be discovered by tandem MS, even on well studied ribosomes from Thermus thermophilus.
T
he advent of atomic structures of the 30S and 50S subunits from Thermus thermophilus (1, 2) , Deinococcus radiodurans (3), and Haloarcula marismortui (4) has revealed detailed information on the proteins that interact with rRNA. However, protein-protein interactions, particularly those in the stalk complex, are not well defined. In the 5.5-Å 70S structure of ribosomes from Thermus thermophilus density could not be assigned to L10, and only two of the four L7͞L12 proteins that have been proposed for Escherichia coli (5) were tentatively placed at the base of the stalk (6) . Interestingly, the stalk complex is readily studied by MS where dissociation of proteins is governed primarily by the extent of protein-RNA interaction (7) .
The process of electrospray MS, first applied to the study of intact proteins in 1989 (8) , is carried out by evaporation of protein-containing droplets to form multiply charged ions in the gas phase. Although not readily applied to MDa particles such as ribosomes, the dissociation of individual proteins and stalk complexes from the intact particle has been shown (7, 9, 10) . Such spectra are extremely difficult to interpret in part because of the number of proteins (Ͼ50), their numerous posttranslational modifications, and the presence of ancillary proteins and RNA. Here, we show that by applying tandem MS approaches to these MDa particles we can obtain precise information regarding the stoichiometry of associated complexes and identify a posttranslational modification, dependent on the location of the protein within the complex.
Methods
Ribosome Preparation. Ribosomes were prepared by using a protocol as described (11) and adapted recently (12) . The 50S subunit was isolated from preparations of the 70S by hydrophobic interaction chromatography from sucrose gradient ultracentrifugation as described (12) . Immediately before that, MS aliquots were buffer-exchanged by using Bio-Rad Biospin columns into 1 M ammonium acetate solution and stored on ice.
MS. An aliquot (Ϸ2 l) of solution containing ribosomes was introduced via a nanoflow capillary into a Q-ToF 2 mass spectrometer (Micromass, Manchester, U.K.) modified for high mass operation and equipped with a nanoflow Z-spray source (13) . The following experimental parameters were used: capillary voltage 1.7 kV, cone gas 100 liters͞hr, sample cone 90-100 V, extractor cone 0-10 V, collision energy up to 200 V, ion transfer stage pressure 4.0 ϫ 10 Ϫ3 mbar, and multichannel plate detector MCP 2.4 kV. In tandem MS the relevant m͞z value was selected in the quadrupole, and argon was used as a collision gas at a pressure of 3 ϫ 10 Ϫ2 mbar. To confirm the reproducibility of the results at least three independent charge states were selected for each complex.
Data Analysis and Isotope Modeling. The molecular masses of the individual ribosomal proteins are consistent with those reported in the database with the absence of the N-terminal methionine and with known modifications (14) . For complexes and some individual proteins the masses are greater because of the adherence of Mg 2ϩ ͞buffer molecules to the protein͞complex (15) . The masses of 30S, 50S, and 70S were calculated from the spectra according to a method in which the charge is iterated over the measured mass values (16) . To determine the onset of the peaks we used standard edge detection techniques involving calculation of the standard error and mean after fitting a Gaussian curve to the charge state. From the known sequence of the proteins (from the Expasy database, www.expasy.org) together with the 16S rRNA and protein modifications determined in this study we simulated the charge states. For noncovalent complexes the leading edge of the peak is associated with the mass of the protein RNA complex in the absence of adducts.
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Calculation of the Molecular Formula of the 30S. The known sequence of 16S rRNA from Thermus thermophilus strain HB8 (17) was used to calculate the isotopic formula as C14782 H18491 N6038 O9053 P1521.
N-Terminal Sequencing. After SDS-gel electrophoresis, an additional band in the ribosome purification was blotted onto a poly(vinylidene difluoride) membrane, and amino acid sequence analysis was performed on an Applied Biosystems model 492 Procise Sequencer attached to a model 140C Microgradient System and a 610A Data Analysis System. Phosphatase Treatment. An aliquot of phosphatase enzyme (1 l) (Lamda recombinant from E. coli, Calbiochem) was added to 20 l of an 18 mg⅐ml Ϫ1 solution of 50S ribosomal subunits from Thermus thermophilus and incubated at 30°C overnight. An additional 1 l of phosphatase was added, and incubation continued for an additional 2 h. Staurosporine kinase inhibitor (Sigma-Aldrich) was added at a final concentration of 1 M and incubated for 30 min. A control sample was prepared under identical conditions but with aqueous buffer in place of the phosphatase enzyme. Both the control sample and experiment were buffer-exchanged into 1 M ammonium acetate immediately before analysis.
Results and Discussion
Mass Measurement of Intact Ribosomes and Subunits. The mass spectrum recorded for an aqueous solution of 70S Thermus thermophilus ribosomes introduced by nanoflow electrospray shows charge state series that are assigned to the 2.3-MDa intact 70S and both the 30S and 50S subunits (Fig. 1) . The observation of intact 70S indicates that a substantial population of ribosomes survives the flight through the mass spectrometer, whereas the observation of the two subunits indicates partial dissociation, either in solution or the gas phase. Under these MS conditions very few of the ribosomal proteins dissociate from the particle. Remarkably, the multiple charging of the 70S and 30S particles, as a result of the electrospray process, gives rise to well resolved peaks or charge states in the mass spectra. Moreover, when the 50S subunit is separated chromatographically from the 70S and a spectrum is recorded, peaks can also be assigned to charge states for this species (Fig. 1B) . Using a procedure as described (16) , the masses of the three species are determined as 810,208 Ϯ 963 Da, 1,516,052 Ϯ 1,986 Da, and 2,325,463 Ϯ 2,003 Da for 30S, 50S, and 70S, respectively (see Table 1 ). The notable consistency between the mass of the intact 70S and the sum of the 30S and The MS of the 70S was recorded with a 100-V offset on the collision cell and reveals well resolved charge states for the 30S and 70S subunits. The 50S subunit was separated chromatographically, and a spectrum of the isolated subunit B was recorded. The structures of the 70S and 50S particles were produced from the Protein Data Bank coordinates 1GIX and 1GIY, respectively by using the program RIBBONS (34) . The rRNA is shown in gold and yellow for the 50S and 30S subunits, respectively with proteins shown in gray with the exception of those released in mass spectra (see Fig. 2 ), L12 (red͞green) and tRNA pink, red, and green in the A, P, and E sites, respectively. 50S subunits (2,326,260 Da) implies that the same protein components are present in separated subunits and the intact 70S particle. Previously, we have shown that acceleration of complexes through the collision cell of the mass spectrometer improves resolution of charge states by removing loosely associated components (18) . Under these conditions the 30S subunit exhibits baseline resolution enabling us to delineate various protein compositions (Fig. 2) . From the known sequence of the proteins together with the RNA and protein modifications determined in this study we simulated the charge states by assuming all proteins were present. For noncovalent complexes the leading edge of the peak is associated with the mass of the protein RNA complex in the absence of adducts. Coincidence with the leading edge is not observed for an isotope simulation including all proteins. It has been proposed that during preparation of 30S subunits S1 is removed (12); however, this molecular composition does not coincide with the onset of the peaks in the mass spectrum. From spectra recorded under high acceleration we observe release of S6 at the low m͞z range of the spectrum. Simulation of the isotopic content of the 30S subunit from which S6 is excluded leads to a greater coincidence with the peak but the model overlaps with the apex of the peak rather than the onset. A simulation in which both S1 and S6 are excluded is coincident with the onset of the peak for charges states 46-53. We can therefore conclude that the isotopic composition of 18 of the small subunit proteins (and thus the absence of S1 and S6) together with the 16S rRNA is consistent with the charge states assigned to the 30S subunit.
Assignment of Unknown Charge
States. The acceleration procedure described above reduces the intensity of the charge states assigned to the 70S and 50S but also releases additional components at m͞z values Ͻ10,000 (Fig. 3A) . The broad peaks at m͞z Ϸ3,500 are assigned to tRNA by comparison with the spectrum recorded for synthetic Phe-tRNA Phe (data not shown). Other peaks assigned to 96-and 365-kDa components are not readily identified because these masses are larger than those of individual ribosomal proteins from Thermus thermophilus or established noncovalent associations of ribosomal proteins. From this mass spectrum it is not possible to determine the composition of these complexes. To overcome this difficulty, we use a tandem MS approach, similar to that used to verify the composition of peptide ions in a number of current proteomic strategies (19, 20) . In such experiments an ion is isolated, typically by using a quadrupole mass filter, and accelerated through a collision cell at increased gas pressure. This process gives rise to multiple collisions in which the internal energy of the ions is accumulated. When this energy reaches a threshold value, dissociation to yield product ions occurs. In the case of noncovalent macromolecular complexes their collisional activation and dissociation is not well understood. It is established, however, that they decompose via a common initial pathway involving ejection of a highly charged protein subunit with apportion of the charge of the parent ion between the product ions (21) (22) (23) (24) . This mechanism, by which individual proteins are expelled from an assembly, is emerging as the universal one even in the presence of established interactions between subunits (25) .
Applying this tandem MS approach to the 365-kDa complex gives rise to two series of ions: a highly charged series of peaks assigned to a monomeric subunit and a ''stripped'' oligomer at higher m͞z (Fig. 3B) . Because the subunit corresponds to one-eighth of the mass measured for this complex and stripping of a single subunit gives rise to a heptamer, the results confirm that the species that was isolated is octameric. Given the established octameric nature of enolase, from the related Thermotoga maritima (26) , the mass of a subunit of enolase from Thermus thermophilus and its N-terminal sequence we confirm that this complex is enolase. Because this glycolytic enzyme is an established component of the degradosome, involved in processing 9S to 5S rRNA and in degrading mRNA on stalled ribosomes (27) , the apparent association could imply a functional link between ribosomes and the degradosome in prokaryotes, analogous to the situation for eukaryotes (28) .
Tandem MS of the 30S and 50S Subunits. Isolation and excitation of a single charge state assigned to the 30S subunit gives rise to a surprisingly simple spectrum despite the fact that 20 different proteins and the 16S rRNA are present (Fig. 3C) . Only one series of ions at low m͞z are observed and assigned on the basis of mass to protein S6. Analysis of the protein-RNA interactions confirms that it has the lowest surface area of interaction with 16S
RNA. This finding demonstrates that tandem MS of proteins from the ribosome is highly specific and dictated by the extent of protein-RNA interactions. Given the average dimensions of the 50S subunit and its estimated cross-sectional area of 31,400 Å 2 (compare 28,025 Å 2 for the 30S subunit) together with its associated increase in number of degrees of freedom to absorb applied energy (29) we anticipated a much lower yield of product ions from tandem MS of this particle, highlighting the practical difficulties associated with collisional activation of a 1.5-MDa species. Surprisingly, after summing multiple acquisitions, we were able to observe a series of peaks assigned to L12 from the stalk complex and fragments of RNA (Fig. 4A) . Unexpectedly we noted peaks adjacent to those assigned to L12, separated by an additional 80 Da. The most likely origin of this second series of ions is through phosphorylation of L12.
To investigate this potential phosphorylation, solutions of ribosomes were incubated with a phosphatase and kinase inhibitor. Tandem MS of the 50S subunit after this treatment clearly shows a significant reduction in intensity of the peaks assigned to phosphorylated L12 (Fig. 4B) . Moreover the ratio of L12 Acceleration of ribosomes from Thermus thermophilus releases individual components and complexes. (A) Mass spectrum of ribosomes from Thermus thermophilus were subjected to an acceleration protocol in which all ions were accelerated at 200 V through the collision cell of the mass spectrometer. This process releases additional complexes and individual proteins and provides enhanced resolution for the 30S subunit. (B) The 365-kDa complex is subjected to tandem MS, the resulting heptamer and monomeric species confirming that the complex is octameric. (C) Tandem MS of the 30S subunit releases a single protein, S6, shown in purple in the Protein Data Bank structure 1GIX (1). proteins released compared with the intensity of precursor ions of ribosomes treated with phosphatase is significantly higher than for the untreated sample, despite the fact that both were subjected to identical tandem MS protocols. This observation allows us to propose that the unmodified form is dissociated more readily while phosphorylation of L12 anchors it tightly to the ribosome, impairing its release.
Composition of the Stalk Complex. We investigated the composition of the 96-kDa complex observed in Fig. 3A . The anticipated mass of a pentameric stalk complex containing (L12) 4 L10 from Thermus thermophilus is calculated as 70,178 Da, whereas the measured mass is close to that anticipated for a heptameric stalk (L12) 6 L10 (95,826 Da). To confirm this assignment we probed the composition of the complex by using tandem MS. A single charge state isolated from this complex, subjected to collisions with argon, releases both L10 and L12 (Fig. 5) . The stripped complexes formed by this process are consistent with only one stoichiometry: (L12) 6 L10 ( Table 1 ). This result enables us to deduce therefore that rather than the expected pentamer, the stalk complex from Thermus thermophilus is actually heptameric. The observation of a stripped complex at low intensity with the stoichiometry (L12) 6 is indicative of interactions between the three L12 dimers, whereas the major dissociation product (L12) 5 L10 is consistent with interactions between L10 and L12. Moreover the fact that L12 is released both from 50S subunits and the 96-kDa complex implies that there are two distinct populations of stalk complex: one is released readily and the other is anchored more tightly to the main body of the ribosome. It is noteworthy that L12, released from the stalk complex, is not phosphorylated in contrast to that released from the 50S subunit. This difference highlights an important capability of this approach: the ability to correlate modification of proteins with lability of the complex.
The finding of a heptameric stalk is surprising for ribosomes from Thermus thermophilus because stalk complexes are thought to be universally pentameric (5, 30) . To determine whether this heptameric stalk complex is unique to Thermus thermophilus or present in ribosomes from other bacteria we subjected ribosomes from a variety of species to the same purification and MS protocols. In each case the intact stalk complexes are released readily from the ribosome, allowing us to directly compare their masses and probe their composition through tandem MS. The results show that the stalk complexes from mesophiles Bacillus subtilis and E. coli are pentameric, whereas those from thermophiles Thermatoga maritima, Thermus aquaticus (data not shown), and Thermus thermophilus are exclusively heptameric (Fig. 5) . Because it is established that two L12 protein dimers can bind to L10 from E. coli (5) six copies imply an additional binding site for an L12 dimer within L10 from Thermus thermophilus and Thermatoga maritima. Sequence alignment reveals an expansion in the sequence of L10 from thermophiles compared with mesophiles, located in the C-terminal region (Fig. 6) . It is established, from deletion experiments in E. coli, that C-terminal residues of L10 (145-154 and 155-164) are potential binding sites for two L7͞L12 dimers (31). Our secondary structure prediction using PSIPRED (32) suggests that these putative binding sites in E. coli as well as the additional residues in Thermus thermophilus are helical (data not shown). Taken together these results therefore allow us to propose that the binding of the three L12 dimers in and E. coli and 50S subunits from Thermotoga maritima give rise to broad peaks assigned to the stalk complex in each case. For the thermophiles and mesophiles the mass measured is consistent with heptameric and pentameric stoichiometries, respectively. (Right) Tandem mass spectra confirm the stoichiometry of these complexes, giving rise to both L12 and L10 and stripped complexes at high m͞z. The charge state that was isolated for tandem MS is labeled with its charge state and the series labeled by * is assigned to a hexameric complex from which L12 has dissociated and ∧ denotes the analogous tetrameric complex. (35) . The results reveal an extra eight residues in the C-terminal region of the proteins from the thermophiles compared with E. coli and B. subtilus.
